The influence of a rigid boundary and a free boundary on the motion of singly flagellated bacteria is experimentally investigated. The speed of backward swimming cells is faster near the rigid or free boundary than in the free space without boundary. It is also found that backward swimming speed is faster than forward near the rigid or free boundary. The trajectory of the cells swimming backward near a rigid or free boundary comprises circular parts, while most of forward swimming cells have straight trajectories. Backward swimming cells tend to gather on a rigid or free boundary rather than forward swimming cells. These asymmetric characteristics between forward and backward motions close to a rigid boundary has been predicted by a fluid dynamic simulation.
Introduction
Many microorganisms are aquatic, living in a pond, a lake and the sea. Since the region in which microorganisms swim is generally surrounded by boundaries, they sometimes interfere with the boundaries. Therefore, elucidating bacterial swimming near the boundaries is important for understanding their behavior. It may be applicable in the field of biomimetics; to use bacterium-shaped micromachines working in the narrow space (e.g. in our body for medical care), it would be necessary to take into account its characteristc motion near the wall.
Most bacteria swim by rotating their flagella, propelling their cell bodies in the direction of axes of the flagella. When they swim near the wall, hydrodynamic interference between the flagella and the wall makes the straight swimming trajectory curved, resulting in the circular trajectory along the wall surface. For example, peritrichous bacteria that possess several flagella are known to trace circular trajectories when the cells swim close to a boundary (1) , (2) .
This hydrodynamic interference between the flagellum and the boundary has been analyzed numerically. Ramia et al. (3) analyzed the wall effect on the trajectory and swimming speed of bacteria. Lauga et al. (4) demonstrated that the hydrodynamic interference causes the trapping of the cells close to the surface. Vibrio alginolyticus has only one flagellum of left-handed helix form and the flagellum rotates in both directions; it can swim backward, moving with its flagellum ahead, as well as forward. Swimming of V. alginolyticus cells also undergo the effect of the boundary. Recently, asymmetry between forward and backward swimming has been found experimentally (5) , i.e., there are differences in swimming speed and curvature of trajectories between forward and backward swimming close to a wall. Soon afterward, these asymmetry was given explanation (6) that the pitch angle (the angle between the axis of the
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Vol. 4, No.1, 2009 Fig. 1 Three observed layers in the bacterial suspension. The liquid-air interface was employed as a free boundary. A piece of coverslip was put on the interface to make a rigid boundary. The thickness of each layer was ∼ 10 µm, corresponding to the practical depth of focus of the objective lens.
flagellum and the wall surface) is stable in the forward motion, while it becomes unstable in the backward motion. Pitch angle determines the way of interference between the wall and the cell body, though it is difficult to measure the pitch angle of swimming bacteria with the size of only several micrometers. Thus, in the present study, we examine the increment in the number of the cells near the boundary to get insight of the difference in the hydrodynamic interaction between forward and backward swimming. We also investigate the bacterial motion near a free boundary; we are sure that the free boundary such as liquid-air interface is very familiar with microorganisms and therefore have much effect on their behavior. Swimming speed, curvature of the trajectory, and increment in the number of the cells are measured with three kinds of boundary conditions: a rigid boundary, free boundary, and no boundary.
Materials and Methods

Bacterial strains and sample preparation
Three strains of V. alginolyticus were used: YM4 (wild-type swimming) (7) , YM42 (Only forward swimming with its cell body ahead) (8) and NMB102 (only backward swimming) (9) .
Cells of each strain have the same dimensions; the average value of the size of the cell body is 1.9 µm long and 0.8 µm wide and a flagellum is 5.0 µm long. The cells were cultured at 30˚C in HI broth (2.5% heart infusion broth, 1.5% NaCl) with shaking. The cells were harvested by centrifugation at the late exponential phase, suspended in 100 volumes of HI broth, and again cultured at 30˚C with shaking for 4 hours. They were then suspended in 10 volumes of HG300 medium (50 mM HEPES-KOH(pH 7.0), 5 mM glucose, 5 mM MgCl 2 , 300 mM NaCl) in the experiment of speed and trajectory. In the experiment of counting the number of cells, they were suspended in 200 volumes to avoid crowding of cells.
Observation
Observation of bacterial motion was conducted as follows. One milliliter of suspension was put into a petri dish (34 mm in diameter and 10 mm in height), so that the height of the liquid boundary was 1 mm from the bottom of the dish. Three observed layers in this study are shown in Fig. 1 . We refer to the layer near the liquid-air interface as "free boundary" and the one approximately 0.5 mm far from the boundary (halfway between the liquid-air interface and the bottom of the dish) as "middle". The "rigid boundary" was set in the way that a coverslip was put on the surface of the suspension. Bacterial motion in the three kinds of layers was observed with an inverted microscope, IX71 (Olympus, Japan) with a phase contrast condenser and a objective lens (LUCPlanFLN40×PH, Olympus). The practical focal depth of the objective lens is approximately 10 µm. We measured such cells as swim within the focus of the microscope to exclude the cells swimming in depth direction.
YM4 can swim both forward and backward by switching rotating direction of its flag- ellum, though the swimming direction cannot be distinguished with the optical microscopy because the thickness of the flagellum is beyond the spatial resolution. We thus used YM42 and NMB102 to investigate the difference in the effect of boundaries on swimming speed and trajectory. However, as for the difference between forward and backward swimming speed, a comparison between YM42 and NMB102 is meaningless because the swimming speed of YM42 is considerably different from that of NMB102, as shown later. In order to exclude any influence of bacterial strain or individual, it is necessary to compare the speed of forward and backward swimming in the identical cell. Difference between forward and backward swimming speed was investigated by distinguishing forward and backward swimming in a single YM4 cell; the backward swimming trajectory of V. alginolyticus is known to be circular in the vicinity of the wall, whereas forward swimming has a straight trajectory (5) . Therefore, a swimming trajectory of a YM4 cell frequently switching its swimming direction near the rigid boundary can be illustrated as in Fig.2 . The A and B modes in the figure denote motions with straight and circular trajectories and are assumed to be forward and backward swimming, respectively. We estimated the difference in forward and backward swimming speed of monotrichous bacteria by comparing swimming speed of an identical YM4 cell for A and B modes.
Measurements
The images of bacterial swimming were recorded with a CCD camera (CS230B, Olympus) and a digital video and then captured on PC as successive images (800 × 600 pixels) with time intervals of 1/30 second. An image processing software, Image Pro (Media Cybernetics, USA) was used to obtain two-dimensional coordinates of center of the cell body for each frame, from which swimming speed and trajectory were deduced. Data were averaged over successive 30 frames for each NMB102 and YM42 cell. In the case of YM4, averaging was done over the all frames in the period when a single mode was observed (∼ 10 frames). The sign in curvature was set so that the clockwise circular trajectory has positive value when viewed from the suspension to the boundary.
As for the increment in the number of the cells, we counted the number of all the cells in view of the microscopy in 7 minutes. From the variation in the number of the cells, we examined the hydrodynamic interaction between the cells and the boundary, i.e., whether the cell is attracted to the boundary or not. Prior to this experiment, we checked the surface charge effect; the number of cells was measured with the rigid boundary treated with a charge neutralizer and confirmed no significant influence of remained charge on the surface. Figure 3 shows the distributions of swimming speed of V. alginolyticus in the three observed layers for (a) NMB102 and (b)YM42 cells. It is found that the speed of backward swimming is faster in the presence of a boundary, while forward swimming is not affected by a boundary. Figure 3 (a) also shows the dependence of backward swimming speed on the boundary condition; its average value is 1.5 (1.3) times larger near a rigid (free) boundary than in the middle. In any observed layer, the swimmming speed of YM42 is considerably larger than that of NMB102 (see also Table 1 ), which may be attributed to the difference in the bacterial strain.
Results
Swimming Speed
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In the observation of YM4 cells to clarify the difference between forward and backward swimming, A and B modes were able to be distinguished near the free boundary as well as near the rigid boundary as in the previous study (5) . The cells swimming in the middle layer had only one swimming mode, where they swam almost straight. Figure 4 shows correlation of swimming speed of a YM4 cell between A and B modes near the (a) free boundary and (b) rigid boundary. In these graphs, each measured point represents the swimming speed for both modes before and after a switching of the direction. These two graphs exhibit similar tendency; although the data points are to some extent dispersed because of the difference in individual cells, they are on average distributed in the upper region than the dashed line. This means that the speed of B-mode swimming is faster than that of the A-mode swimming if the swimming speeds are compared before and after switching the swimming direction of a single cell.
The obtained results for swimming speed of YM42, NMB102, and YM4 cells are summarized in Table 1 . Data for YM4 cells in the middle are processed without distinguishing the 58.4 ± 13.9 6 6 .9 ± 12.1 two modes. For both NMB102 and YM4 in B mode, swimming speed becomes faster when they swim near a rigid or free boundary. YM4 cells seem to have no difference in the B-mode swimming speed between a free and a rigid boundary, while NMB102 cells have a little.
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Trajectory
Here we investigated the influence of boundaries on the swimming trajectory. Figure  5 shows distribution of the curvature of the swimming trajectory in the three layers. We found that free or rigid boundary makes the curvature of trajectories of NMB102 cells larger negative value, indicating that a NMB102 cell draws a counterclockwise circular trajectory when viewed from the suspension to the boundary. In contrast, most of YM42 cells draw straight trajectories in each layer. In Fig. 5 , significant difference among the three layers can be seen that in the vicinity of free boundary, some of YM42 cells draw both clockwise and counterclockwise circular trajectories while they do not in the other layers.
We also investigated the effect of boundary on the trajectories of YM4 swimming in both modes. Obtained data are summarized in Table 2 , by the same way as Table 1 . The curvatures of A and B modes are almost the same as YM42 and NMB102, respectively.
Number of Cells
We counted the number of cells in the three layers for 7 minutes and found that the number of the cells increases linearly with time. Obtained data are translated into the increment in the number of the cells in 1 minute, as shown in Fig. 6 . It is found that bacteria tend to gather in the vicinity of free/rigid boundaries rather than middle layer. It is also notable that this tendency is stronger in NMB102 cells than in YM42.
Discussions
In the previous section, data were shown for the swimming speed, curvature of trajectory, and increment in the number of cells. Prior to the interpretation of our data, we make explanation for the clockwise/counterclockwise trajectory observed in our experiments. This phenomenon near the rigid boundary is theoretically explained as follows (see also Fig. 7 for the scheme); the rotating flagellum has hydrodynamic interference with the rigid boundary and generates the lateral force to the swimming direction. The oppositely rotating cell body, due to the balance in torque, also has interference with the rigid boundary, which exerts the force in the opposite direction. These two forces cause the circular trajectory. They are hydrodynamic and therefore become opposite if the flagellum rotates oppositely. The reversal in the sign of the curvature seen in Fig. 5 can be thus explained. Approximately 20% of YM42 cells near a rigid boundary has slightly positive value of curvature, while NMB102 cells have negative on the same boundary condition.
As for the absolute value of curvature, we set our criterion for a 'circular' trajectory; we assume that the trajectory is circular if the absolute value of the curvature is larger (or equal) than 0.1 rad/µm, corresponding to the curvature radius of 10 µm, which is a few times the size of a cell. Since the absolute value of curvature for NMB102 cells in the middle is less than 0.1 rad/µm, it can be said that this criterion implies the influence of boundaries. Cells with the larger curvature than 0.1 rad/µm in absolute value are assumed to have the influence of rigid or free boundary.
Based on these assumptions, we discuss the motion of cells near a boundary in the following subsections. YM42. Positive value of curvature means that the cell swims in the vicinity of the boundary in the clockwise manner when viewed from the suspension to the boundary. The value n means the same as in Fig.3 .
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Difference in the effect of the nature of the boundary: free and rigid boundary
As mentioned above, the two modes in swimming of YM4 cells are clearly distinguished near a free boundary as well as near a rigid boundary. Since the backward swimming cells tend to draw circular trajectories near rigid and free boundaries (see Fig. 5 ), it is presumed that the A and B modes correspond to forward and backward swimming, respectively. According to Fig. 4 and Table 1 , the swimming speed in B mode is faster than that in A mode, indicating that backward swimming of YM4 cells is faster than forward near both rigid and free boundaries.
As for the free boundary, the measured results have similarity with those of rigid boundary in the senses (1) that backward swimming cells have larger velocity near the boundary, (2) that backward swimming cells draw counterclockwise circular trajectories when viewed from the suspension to the boundary, and (3) that cells tend to swim toward the boundary. From these results, we conclude that the characteristics of bacterial motion near the free boundary is due to the hydrodynamic interaction as well as the motion near the rigid boundary, which has been explained with hydrodynamic interaction (6) . However, it is not clear that a rigid and a free boundary have similar hydrodynamic characteristics above. It is necessary that numerical calculation is carried out taking into account the boundary condition of free surface in order to clarify the hydrodynamic aspects of these phenomena. Significant difference between a rigid and free boundary is that forward swimming cells unexpectedly take both clockwise and counterclockwise trajectories near the free boundary, shown in Fig. 5 . It is not clear whether hydrodynamic interference causes this phenomenon. Some effect except hydrodynamic interference may be involved: deformation of liquid-air interference due to existence of cells near the surface, the raised cell body and flagellum above the liquid-air interface, and so on.
Hydrodynamic interaction between a cell and the boundary
Increment in the number of cells in each layer gives us information on the interaction between the cell and the boundary. Large increment means that approaching cells to the boundary with a stochastic process do stay in the vicinity of the boundary, indicating the attractive force between the cells and the boundary. The origin of the attraction can be assumed to be hydrodynamic and electrochemical force and chemotaxis. Hydrodynamic interaction studied previously (6) is summarized as follows; forward motion is stable with respect to the pitch angle to the boundary, while backward motion is not. As for the electrochemical force, there may be electrostatic interaction and van der Waals force. The influence of electrochemical force was investigated by examining the attachment of V.alginolyticus to the surface (10) .
Assuming that the electrochemical force is at the same extent in all the experiments in this study, the difference in the increment among the four condition of forward/backward motion near a rigid/free boundary reflects the hydrodynamic force. With respect to chemotaxis, three bacterial strains in the present study are all aerobic, which may cause the increment in the number of cells near the free boundary. In our experiments hydrodynamic interaction near the rigid boundary cannot be compared with that near the free boundary. According to Fig.  6 , it means that the attractive force between the cell and the boundary is larger for backward motion than forward, which partly corresponds to the previous numerical result (6) . Moreover, it is found from Figs 5 and 6 that the larger increment in the cell is, the larger absolute value of curvature (see Figs 5 and 6 ), which may be evidence for the circular trajectory due to the hydrodynamic interference. However, the numerical work claims that the circular trajectory involves the pitch angle of the cell, which cannot be directly connected with the increment in the number of cells in this study. To clarify the relationship between the pitch angle and the increment in the number of the cells, three-dimensional observation on both the posture and the trajectory of cells is necessary.
Conclusions
Details of the effect of boundaries on swimming of monotrichous bacteria are investigated. Near a rigid or free surface, differences in the motion between forward and backward swimming are seen: backward swimming cells have larger speed, larger absolute value of the curvature of trajectory, and larger increment in the number of the cells near the boundary than forward swimming cells. As for the rigid surface, the present results are consistent with the previous numerical study (6) . As for the free surface, a similar behavior was observed to the rigid surface except that forward swimming cells draw both clockwise and counterclockwise trajectories near the free surface. From the experiment of increment in the number of cells, it is found that backward swimming cells are exerted stronger hydrodynamic attraction to the boundary than forward swimming cells, though the detail physics is not clear. Threedimensional observation of motion of a cell near the boundary will help to investigate the detail.
